Highly purified Clara cells (93 ± 3%) isolated from the lungs of rabbits were used to produce an antiserum against Clara cell secretory proteins. This antiserum was used to identify and study the biosynthesis and secretion of [3S]methionine-labeled proteins from isolated Clara cells. The antiserum recognized one major secretory protein with apparent molecular weight of 6 kDa and reacted weakly with a higher molecular weight protein of about 180 kDa. Biosynthesis and secretion of these proteins was not detected in preparations of isolated alveolar type II cells or alveolar macrophages. Immunocytochemical localization of the antigen with colloidal gold indicated a dual localization in bronchiolar Clara cells. Gold labeling was found over the osmiophilic secretory granules of Clara cells and smooth endoplasmic reticulum. In tracheal Clara cells, labeling was found mostly in association with secretory granules and relatively little in association with the smooth endoplasmic reticulum. Labeling was also found over the lamellar bodies of type II cells, although the reaction was weak. Labeling of ciliated cells, alveolar type I cells, capillary endothelial cells, and alveolar macrophages was not distinguishable from background. These data indicate that Clara cells of both the bronchioles and trachea of rabbits synthesize and secrete the low molecular weight protein previously called Clara cell secretory protein (CCSP). This antigen does not belong to that group of surfactant proteins whose molecular weights range from 26 to 40 kDa.
Introduction
Most of the studies involving the toxicologic pathology of Clara cells have been concerned with cells found in the bronchioles of the lungs (1), with little thought to the fact that Clara cells also exist in the upper airways and trachea of numerous mammalian species (2) (3) (4) . A contributing difficulty has been the identification of Clara cells in the upper airways. Clara cell identification has depended almost exclusively on their location as nonciliated cells in the distal airways and their morphological appearance under the electron microscope; that is, the presence of abundant smooth endoplasmic reticula and characteristic cytoplasmic osmiophilic granules (2) . Unfortunately, the classification of nonciliated cells in the upper airway as Clara cells is often impossible because of fundamental differences in the overall appearance of the cell in the upper and lower airways.
In the bronchioles the epithelium is low and cuboidal, whereas the upper airway epithelium is tall, columnar, and pseudostratified (2, 4) . In addition, the abundance of smooth endoplasmic reticulum and osmiophilic granules in Clara cells of the upper versus distal airways may vary enormously, thus making identification of Clara cells very difficult. This problem is even more pronounced when morphological appearance is obscured by the action of toxic agents. There is a need for a Clara cell-specific reagent that can be used for the identification of Clara cells throughout the airways.
Recently, we incubated isolated Clara cells in the presence of [35S]methionine and examined proteins synthesized and secreted by those cells. From these experiments we identified the major secretory product of rabbit lung Clara cells to be a low molecular weight protein (apparent Mr = 6 kDa under reducing conditions on SDS gels) (5) that appears to have thiol protease inhibitory activity (6) . We have shown that this low molecular weight protein is present in pulmonary lavage effluents, and it seems reasonable to assume that at least a proportion of this extracellular protein should arise from Clara cells of the pulmonary airways. We do not know which other pulmonary cells, if any, contribute this protein to the extracellular lining. A similar, but not identical, protein has been identified in lavage effluents from the lungs of rats and localized immunocytochemically to Clara cells (7, 8) .
A number of papers have reported the immunohistochemical localization of several different antigens in Clara cells. Surfactant-associated proteins have been detected in Clara cells by using antiserum developed against the 26 to 40 kDa (reduced) group of proteins purified from pulmonary surfactant (9) (10, 11) , in which antisera had been developed against both high and low molecular weight forms of surfactant proteins, also showed reactivity with bronchiolar Clara cells.
Recently, an immunocytochemical method was used to demonstrate the presence in Clara cells of the steroidbinding protein uteroglobin (12) , and similar methodology has also revealed the presence of the low molecular weight protease inhibitor antileukoproteinase (13, 14) . Curiously, each of these antigens has been localized to the cytoplasmic osmiophilic granules of the Clara cell. These osmiophilic granules are thought to be storage sites for materials secreted by the cell. If the cytoplasmic osmiophilic granules of Clara cells are indeed storage sites for secretory materials, then at least three antigens including surfactant-associated proteins, uteroglobin, and antileukoprotease may be localized to these granules.
We have prepared an antiserum in goats against isolated Clara cells and found it to be highly specific for Clara cell secretory proteins. In this investigation we demonstrate its specificity and, using the immunogold procedure, show that it could be used for the identification of Clara cells not only in the lower airways but also in the trachea of the rabbit. This antiserum may prove useful for the study of toxic agent interactions with Clara cells of the upper and lower airways.
Materials and Methods

Animals
Male New Zealand white rabbits (2 kg) (Dutchland Laboratory Animals, Denver, PA) were killed with an overdose of sodium pentobarbital (150 mg) dissolved in isotonic saline (4 mL) containing heparin (50 mg), injected into a marginal ear vein. The lung were perfused in situ through the pulmonary artery with 500 mL Junod's medium (15) at 37°C. Throughout the perfusion the lungs were gently inflated and deflated by using a syringe and cannula inserted into the trachea. The lungs were then removed from the thorax, rinsed externally with HEPES balanced salt solution (HBSS) (5) and lavaged six times via the trachea with HBSS (at 37°C) to remove free cells and the pulmonary extracellular lining.
Isolation of Lung Cells
Alveolar macrophages were sedimented from the lavage fluid at 580g for 10 min at 4°C and washed once with HBSS. Mixed lung cells were isolated by protease digestion, tissue mincing, and filtration as previously described (5) .
Clara cells were isolated from mixed lung cells by using the method of Patton et al. (5) 
Characterization of Cells
Cells were counted by using a hemocytometer. Viability of cells was determined by using the trypan blue exclusion method (18 The blocks were sectioned with a Sorvall MT5000 ultramicrotome using a diamond knife. The sections were mounted on nickel grids. Immunocytochemical labeling was performed by using a modification of the procedure described by Roth et al. (23) for protein A gold except that gold-labeled immunoglobulin was substituted. Grids were floated in droplets of 1% ovalbumin in 0.1 M phosphate buffered saline (PBS) (pH 7.4) and incubated in drops of primary antisera for 18 to 24 hr at 4°C in a moist chamber. Dilutions of primary antiserum used in this study ranged from 1:1000 to 1:50,000. All primary antisera were diluted in 1% ovalbumin in PBS. Following incubation the grids were washed and incubated in drops of rabbit anti-goat immunogold (Janssen Life Sciences Products, Beerse, Belgium). Anti-goat immunoglobulin labeled with two sizes (10 nm and 40 nm) of colloidal gold were used. Colloidal goldlabeled antiserum was diluted in PBS at either 1:10 or 1:20. Controls included substitution of primary antisera with 0.1 M PBS, normal goat serum diluted to the same concentration as primary antisera, or a series of dilutions of primary antisera in a single staining series. All specimens were examined by using a Zeiss Em 10 or Hitachi H-600 transmission electron microscopes at 60 or 80 kv.
Results and Discussion
Isolation of Pulmonary Cells
Rabbit lungs were digested with protease as described in "Materials and Methods." The resulting digest was fractionated by using a combination of density gradient centrifugation and elutriation to yield cell fractions highly enriched in either Clara cells or alveolar type II cells. Alveolar macrophages were isolated from pulmonary lavage effluents by using differential centrifugation. The cellular composition of the unfractionated lung digest as well as of the three cell fractions are listed in Table 1 .
The major identifiable cell types in the lung digest were type II cells (33%), Clara cells (4%), and granulocytes (18%). The granulocytes were presumably interstitial, as the circulating cells were removed by perfusion prior to protease digestion. A large proportion of cells (38%) could not be identified at the light microscopic level.
The Clara cell preparations contained 84% Clara cells, 9% granulocytes, and 4% alveolar type II cells. Other cell types were also present but amounted to less than 3% of the total. Type II cell preparations contained 80% type II cells, 2% Clara cells, and 13% unidentified cells. Alveolar macrophages obtained from pulmonary lavage consisted of 100% macrophages and a fraction of a percentage of unidentified cells.
Synthesis and Release of Proteins by Specific Pulmonary Cell Fractions
The purpose of these studies was to compare proteins synthesized by isolated, nonciliated bronchiolar epithelial cells of the distal airways with two other cell types of the distal lung. The various cell fractions were incubated with [35S]methionine for 4 hr.
[335S]methionine was incorporated into numerous proteins with molecular weights ranging from less than 10 kDa to over 200 kDa (Fig. 1) (Fig. 2) . A very faint band was detectable from the type II cell preparations, but this could have arisen from the small degree of contamination with Clara cells.
Identification of Secreted Clara Cell Antigens
The antiserum prepared against isolated Clara cells reacted with only one major intracellular Clara cell antigen, and this protein had an apparent molecular weights of about 6 kDa. Weak reaction was observed with a protein with molecular weights of about 180 kDa, but this was seen only upon prolonged development of the blots (Fig. 2) and virtually disappeared when the antiserum was diluted in the range of 1:1000 and beyond, dilutions found to be effective in the immunocytochemical studies. Similar reaction was seen with proteins released by Clara cells. The 6-kDa protein ap- cEpithelial cells identified by using the modified Papanicolaou stain. dBlood-derived cell types identified by using Diff-Quik aqueous Wright-Giemsa stain.
eCells not identified. 
Immunocytochemical Localization of Clara Cell Antigens
The antiserum developed against Clara cells appeared to be highly specific for Clara cells, according to immunohistochemical staining with colloidal gold (Fig. 3) . Compared with substitution controls (Fig. 3A) , gold labeling was most dense over Clara cells (Fig. 3B and  3C ). At lower dilutions the label was found over both the cytoplasm and the granules of Clara cells (Fig. 3B) . There was little gold labeling over the nucleus of the cells, but a heavy density at the cytoplasmic surface ( Fig. 3D and 3E) . At higher dilutions (such as 1:50,000), the antiserum almost exclusively labeled Clara cell cytoplasm and granules (Fig. 3C) . Increasing the dilution of the antiserum decreased the gold labeling of the cytoplasm and the plasma membrane, but did not substantially reduce the gold labeling of the granules (compare Fig. 3D and 3E ). Ten-fold dilution reduced the cytoplasmic gold labeling substantially, except over the osmiophilic granules (compare Fig. 3D and 3E) .
Gold labeling of alveolar macrophages was not distinguishable from background, an observation consistent with our inability to detect the Clara cell secretory protein in macrophages incubated with [35S]methionine (Fig. 3F) . Gold labeling of ciliated cells was limited primarily to cilia and to microvilli at the luminal surface (Fig. 3G ). This reaction product was generally in clumps and appeared to be associated with the microvilli. Small _~~B C A~~~~~~~~~~~~~~~~~- focal sites of reactivity were seen at the base of micro-I cells and endothelial cells was only slightly elevated villi and distributed througout the cytoplasm, however, above background (Fig. 3H) . The distribution was ranthe density was considerably less when compared to dom in these cells and did not appear to be associated neighboring Clara cells (Fig. 3G) . Gold In the tracheal epithelium, gold labeling was primarily in nonciliated cells. In nonciliated cells, immunolocalization occurred in apical secretory granules (Fig. 4) . Minimal gold labeling occurred over microvilli of nonciliated cells, mucous cells, and ciliated cells. Unlike the cilia of ciliated cells in the bronchiolar regions of the lungs, cilia of tracheal ciliated cells did not label. Granules of mucous cells were poorly labeled.
A low molecular weight protease inhibitor has been localized immunohistochemically to the osmiophilic granules of Clara cells (13) . We have measured the protease inhibitory activity of Clara cell secretory protein (CCSP) and found antithiol protease activity but against trypsin and elastase the activity was only very weak (6) . Whether or not CCSP is the same as that protein suggested to be present in the osmiophilic granules of Clara cells has yet to be determined, in view of this weak antitrypsin activity. Uteroglobin has also been localized immunohistochemically to the osmiophilic granules of rabbit Clara cells (12) . Several similarities exist between uteroglobin and the major Clara cell secretory protein including molecular weight and N-terminal amino acid sequences (6). Lopez de Haro et al. (24) report that CCSP and uteroglobin must be identical based upon similarities in antibody and progesterone binding. A low molecular weight protein has been reported (25) (26) (27) (28) to be associated with extracellular surfactant in pulmonary lavage effluents, but CCSP appears to be immunochemically different. We have isolated a 6-kDa surfactant protein using the method of Claypool et al. (25) , and although the molecular weight of this protein is close to that of the Clara cell protein, antisera reactive with the Clara cell protein did not react with the low molecular weight surfactant protein (6) . In addition, our anti-Clara cell serum did not react with any proteins in the 26 major secretory protein of bronchiolar Clara cells is located primarily in nonciliated cells but could be present to a very small degree in other secretory cells of the pulmonary epithelium, cells such as type II cells and mucous cells. However, we would point out that localization of antigens in Clara cells must be done with care. Our titer of antibodies was so high that we were easily able to dilute out the effect of nonspecific binding and reduce the background gold labeling to very low values. This antiserum may prove useful in studies correlating agent-induced toxicity with target cells in the pulmonary epithelium.
